Molecular self-assembly strategies involve the formation of nanometer scale objects and materials in the absence of significant external control. One increasingly popular self-assembly approach makes use of the unique properties of deoxyribonucleic acid (DNA) including its diminutive size and high capacity for information storage. For many applications, DNA stands alone as the top choice for the programmable construction of supramolecular materials due to its specific and well-understood basepairing interactions. In this review, we will discuss recent advances in the fabrication of materials via DNA based self-assembly.
Nanofabrication by DNA self-assembly REVIEW
DNA as a building material for nanofabrication
Since linear DNA double-helical domains are simple and lack the structural complexity needed for formation of 2D and 3D architectures, the Seeman group examined other structural primitives including branched junction motifs, with three, four and more double-helical arms that radiate from a focal point [8] [9] [10] . The four-arm junctions are structural analogues of the Holliday junctions found in natural genetic recombination complexes. Such multi-arm junction motifs were designed to provide increased valence for assembly of complex, multi-dimensional constructs, however, large arrays composed of these building blocks failed to assemble due to the inherent flexibility of the junction regions. To solve this problem, a variety of more rigid building blocks containing paired four-arm junctions, also known as double-crossovers, were designed and experimentally implemented 11 .
Crossovers (or four-arm junctions) are strand exchange points between neighboring double-helical domains, and when coupled in pairs, successfully create DNA building blocks with sufficient stability and rigidity to allow their use in the formation of large molecular lattices.
Depending on the number, orientation, and layout of the crossover pairs, these basic building blocks can be further classified as DX 11, 12 , TX 13 and PX complexes (or tiles) 14 . More complex tile designs include double-double crossover molecules 15 , and 3-, 4-, 6-, 8-and 12-helix DNA tile complexes that have non-coplanar DNA helices joined together by multiple crossovers [16] [17] [18] [19] . These stable DNA building blocks (tiles), and the ability to combine them arbitrarily with sticky-ended cohesions, make possible a wide variety of structures using selfassembly, such as periodic 2D lattices 12, 13, 15 , DNA nanoribbons and nanotubes [20] [21] [22] , etc. Factors governing the circumferences and lengths of the assembled tubes were further studied 19, 22, 23 . For examples of tiles and the resulting 2D lattices and tubes, see Fig. 1 . At least two reports have described DNA-based systems capable of forming large structures by adding single oligonucleotides directly to the growing structure without the intervening level of tile building block 24, 25 .
Another versatile DNA motif, the 4×4 cross-tile, was reported in 2003 26 ; it consists of 4 four-arm junctions and can assemble into uniform 2D lattices. A further developed cross-tile system with two tile types was used to synthesize larger 2D nanogrid lattices and fixed width nanotracks 27 . These principles were later extended by introducing symmetry into the tile design, thus demonstrating an increase in the long-range order of the fully-assembled lattices 28 . Symmetric three-point-star motif 29 and six-point-star motif 30 tiles were designed accordingly, and were successfully used for the assembly of hexagonal and multilayer arrays 31 . Finite-size addressable arrays, either with or without sequence symmetry, were also reported, such as 5×5 arrays 32 , molecular pegboard 33 , and 16-tile constructs 34 . All these structures have defined sizes and can be used as components in even more complex systems. While addressable array strategies require tile sets (i.e. number of tile types) to increase with increasing array size, an alternative strategy pioneered by Winfree, as described by Rothemund et al. 35 , is able to generate complex patterns on large lattices using very small tile sets. This method, known as algorithmic assembly, makes use of local, tile-to-tile interactions to create sophisticated patterns including a Sierpinski triangle design and a lattice that displays binary counting patterns 35, 36 .
The molecular-level control demonstrated by these 2D nanostructures represents a major step toward developing DNA-based controllable systems. However, many applications in nanomedicine and nanorobotics require additional capabilities including controlled 3D assembly and movement. Working toward this goal, fabrication of 3D objects via self-assembly was also investigated (Fig. 2) . Earlier examples include a DNA cube 37 and truncated octahedron 38 designed by the Seeman group, a DNA octahedron reported by Shih et al. 39 , and a tetrahedron described by Goodman et al. 40, 41 More recently, the Sleiman group reported the assembly of a variety of 3D cages from 2D 42, 43 . They also reported the first dynamic 3D capsule that can switch between three different states. In 2008, symmetrical tile designs were further developed and hierarchical assembly of three-point-star motifs into tetrahedra, dodecahedra and buckyballs were sucessfully demonstrated 44 . This strategy greatly reduced the need for unique building blocks and could possibly be used for fabrication of more complex 3D structures.
For the DNA nanostructures mentioned above, the construction units can be purified separately and then combined to form the designated arrays. Yet when working with complex 2D and 3D assemblies with multiple components, self-assembly becomes a much more difficult task.
To address problems associated with the difficulty of maintaining proper molecular stoichiometries, a new scaffolded self-assembly approach has been implemented. This technique, also known as nucleated assembly, uses a single-stranded DNA as a molecular scaffold and employs multiple small staple strands to fold the scaffold into an addressable
shape. An early example was described in 1999 for computational purposes and was prototyped as 2D barcode lattices (Fig. 3a) 45 . The 2004, 3D tetrahedron of Shih et al. 39 (mentioned above) further showed that a 1669 nucleotide long single-stranded DNA could fold itself to its designed nanoscale shape with the addition of only five short DNA strands (Fig. 2b) 39 . A more general and powerful approach was recently presented by Rothemund 46 , where a 7.3 Kb single-stranded M13 viral genome scaffold strand was used with about 200 short staple strands to generate an impressive variety of complex 2D structures (Fig. 3b) . This strategy, known as DNA origami, also demonstrated the addressability of the 2D structures by appended stem-loop structures to particular staple strands to activate desired pixels on the molecular fabric (Fig. 3b) . Since the pioneering work of Rothemund, 46 many DNA origami structures have been built, such as an analog map of China 47 and a dolphin-shaped origami 48 . It was further shown that DNA origami monomers could be bent into simple 3D nanotubes and linked together to form micronsized filaments 49 . The large number of unique staple strands required for origami increases the expense of initial experimental development, however, the method is robust, provides high assembly yields, and offers great potential for assembly of more complicated addressable structures with high pixel density.
While complex DNA building blocks such as those described above have been used to produce large supramolecular assemblies, simpler structures including single-stranded DNA have also been used as scaffolds in organic synthesis to organize reactive chemical groups prior to covalent coupling 50, 51 . This strategy, known as DNA-templated organic synthesis, can be considered a special case of DNA-based self-assembly and has been used in the specific synthesis of very large organic molecules. It has also been applied to problems in combinatorial synthesis, small-molecule discovery, and reaction discovery, due to selection and amplification methods normally inaccessible to traditional organic synthesis. 
DNA directed organization of protein molecules
The ability to create assemblies or arrays of proteins with nanometer The tetravalent nature of streptavidin was exploited in the construction of complex DNA-streptavidin networks and nanocircles displaying conformational switching mediated by DNA supercoiling [54] [55] [56] .
More complex protein arrays have been achieved by using DNA lattices as templates, taking advantage of their precise positional control (Fig. 4a) .
The most common method used to functionalize DNA arrays still involves the use of biotin-streptavidin interactions. DX lattices 57 , TX arrays 58 , DNA nanotracks and nanogrids 26, 27 incorporating biotinylated strands have been used as templates for the display of streptavidin and streptavidin conjugated nanoparticles. Finite-sized arrays with individual addressability have also been used to achieve precise placement of streptavidin molecules at predetermined locations, as reported independently by the proteins, and nanoparticles 59, 60 . 2D origami structures provide a robust platform since their hundreds of staple strands can be extended and used as individually addressable pixels.
Another method for the organization of biomolecules on DNA nanostructures is through the use of pyrrole-imidazole polyamides, which bind with high specificity to the minor groove of DNA 61 . The Dervan group demonstrated the power of this approach by employing polyamide-biotin conjugates to recruit streptavidin onto specific sites of DX array, thus creating protein networks with precise control over the periodicity (Fig. 4b) 62 . This ability to address a DNA array without prior covalent modification greatly increases the flexibility and usefulness of the DNA templates. 65 reported the assembly of anti-fluorescein antibodies into periodic tetragonal 2D arrays templated along antigenmodified DNA lattices. Aptamer-tagged DNA nanoarchitectures have been used to direct the assembly of proteins, such as thrombin, at specific sites on TX tile arrays 66 as well as nanogrid 67 . It was also shown that different types of aptamers can be simultaneously displayed on DX tile arrays and used, not only to template complex, multiprotein patterns, but also to study changes in protein binding with different aptamer spacings (Fig. 4c) 68 . Based on the same principle, combinatorial arrays with multiplexed detection capability for aptamer binding molecules were built and tested with biological samples 69 .
Recently Weizmann et al. 70 reported successful assembly of thrombin, fluorophores and nanoparticles onto the rings of topologically unique ladder-shaped polycatenane chains. Li et al. 71 further extended this approach and demonstrated site-specific display of single-chain antibodies on a variety of DNA templates (Fig. 4d) . Since an unlimited number of aptamer-antibody pairs can be identified through in vitro selection techniques, and the technology is highly modular, it can be extended to heterobifunctional single-chain antibody dimers for use as custom adapter molecules for display of virtually any protein, therapeutic molecule, or nanomaterial of interest. In perhaps the simplest strategy of DNA-based assembly of inorganics, researchers have used DNA to drive the formation of 2D and 3D nanoparticle aggregates. This concept was first outlined in two landmark papers in 1996 72, 73 . In these reports, two groups used related strategies to build nanoparticle constructs whose assembly was directed by complementary oligonucleotides. The first strategy, from Mirkin's group, relied on polyvalent oligonucleotide 77 demonstrated the patterning of gold nanoparticles on 2D arrays using hybridization of oligonucleotide functionalized nanoparticles to a preassembled DNA template. In this study, 5 nm gold particles were functionalized with multiple strands of 3′-thiolated DNA (dT 15 ) and hybridized to protruding complementary (dA 15 ) sequences on one of the template strands. Additional reports include the use of a similar strategy to generate gold nanoparticle nanogrids arrays 78 , and an alternative strategy using a single DNA strand conjugated per nanoparticle (Fig. 5c) 79 . In the former, control of the inter-particle spacing was demonstrated through variation of the DNA-tile dimensions. A more complex periodic pattern was achieved by attaching gold nanoparticles to strands in two different triangle building blocks 80 , and a wellformed 2D array of alternating 5 nm and 10 nm gold nanoparticles was produced ( Fig. 5a-b) .
DNA directed organization of inorganic materials
Sharma et al. 81 recently demonstrated another type of 3D nanoparticle assembly. Starting with DNA nanotubes formed through either self-association of multi-helix DNA bundles or the rolling of 2D DNA sheets, they produced a variety of gold nanoparticle architectures including single-, double-, and nested-spirals (Fig. 5e) . Interestingly, the nanoparticles were found to influence the conformations of the DNA nanotubes through size-dependent steric repulsion effects 81 .
One exciting possibility for designing even more complex assemblies of multicomponent nanomaterials was recently described by the LaBean group 82 . Their method relies on use of in vitro selected peptides with specific affinity for particular inorganic material 83 . By coupling a gold binding peptide to self-assembling DNA strands, they assembled gold nanoparticles on to a DNA lattice (Fig. 5d ). This prototype suggests the possibility of achieving mixed nanoparticle systems where the final composition and structure is determined by the peptide locations within the self-assembling DNA nanostructure.
Many assembly strategies rely on electrostatic interactions, groove binding, or intercalation for the absorption of metal or semiconductor ions directly into DNA templates. After absorption, reduction of these ions facilitates the formation of nanoparticles along the DNA templates. Pretreatment with glutaraldehyde is commonly employed for the reduction of metal onto DNA. Silver 84, 85 , gold 86 , paladium 87, 88 , platinum 89 , and semiconductor 90, 91 nanoparticles and nanowires have been templated on DNA using this approach. These structures have potential as precursors for nanoelectronic devices. Some examples of very smooth, highly conductive silver nanowires produced by DNA templating have been reported (Fig. 6a-b) 85 .
Another material that would be useful to organize via DNA-directed assembly is carbon nanotubes (CNTs). CNTs have been studied intensely because of their unique thermal, mechanical, optical, and electronic properties. However, their widespread deployment in modern technology has been prevented due to sizing, sorting, and solubility issues that 95 . Assembly of SWNTs between gold electrodes has been achieved using a similar strategy 96 . Another report details the assembly of peptide nucleic acid (PNA), an uncharged DNA analogue, coupled with SWNTs along a complementary DNA template 97 . The potential for more sophisticated assemblies of PNA/DNA hybrids has also been demonstrated 98 .
Keren et al. 99 combined DNA-self assembly with other biomolecular recognition processes to construct a carbon nanotube field-effect transistor. To assemble a field-effect transistor, the researchers began by using RecA, a protein normally utilized in DNA repair, to bind to triplehelix DNA using dsDNA and a complementary single-strand. Antibodies that recognize RecA were then used to precisely position a carbon nanotube while the entire assembly was stretched out upon a silicon wafer and metalized. The RecA provided molecular recognition for positioning the carbon nanotube relative to the DNA while also acting as a DNA-sequence specific resist for preventing deposition of the metal in the active area of the transistor (Fig. 6c, d and e) .
DNA-programmed assembly of nanomaterials has not been limited to metal nanoparticles and carbon nanotubes. Other DNA-directed assemblies have included nanorods 100 , mesoscale particles 101, 102 , dendrimers 103 , and fullerenes 104 . Thus, it has been well established that DNA's molecular recognition properties can be effectively harnessed to program the assembly of other nanomaterials.
Another promising method for the controlled assembly of inorganic materials is layer-by-layer self-assembly. This method relies on the sequential absorption of oppositely charged species from dilute solutions for the preparation of multilayer thin films with nanometer-scale control.
Layer-by-layer self-assembly has been used with polyanionic DNA and other cationic materials to form a wide variety of ultrathin films. In one arrangement, DNA can be condensed with an excess of polycations in aqueous solution to form stable submicron particles. Alternating layers of polyanions and polycations can be further deposited on the surface of the condensed DNA. Liang et al. 105, 106 further showed that it is possible to construct multilamellar structure with parallel DNA chains confined between 2D cationic lipid sheets. Cd 2+ ions were further organized within the pores and successfully used to form CdS nanorods.
In addition to the formation of large thin-films of DNA-mediated assemblies, the next generation of biomedical and electronic devices will require the targeted deposition of materials into defined regions on surfaces. One such method developed to address this need makes use of a layer-by-layer assembly. Sarveswaran et al. 107 covered the negatively-charged silicon oxide surface of a silicon wafer with cationic aminopropyltriethoxysilane (APTES). This allowed for the attachment of four-tile DNA rafts onto the oxide films. By using PMMA to limit the deposition of the APTES, the addition of the DNA raft monolayers was restricted to specific regions on the wafers.
Applications of DNA-based nanofabrication
The continued development of DNA nanotechnology has led to an expanding list of possible applications in materials science. As mentioned above, self-assembling DNA nanostructures offer great potential for bottom-up nanofabrication of materials and objects with features smaller than currently possible using top-down approaches. DNA nanostructures have been suggested for many uses including nanomechanical devices [108] [109] [110] [111] , computing systems [112] [113] [114] [115] , and programmable/autonomous molecular machines [116] [117] [118] .
Nanoelectronics is another area where scientists are developing DNA-based solutions to current challenges. In one example mentioned previously in this article, DNA was used to guide the production of a carbon-nanotube field-effect transistor 99 . Deng and Mao 119 demonstrated another use of DNA in electronics by using lattice to act as a lithographic mask. After deposition of the DNA lattice onto mica, metal evaporation, and then removal of the DNA mask, gold islands were observed on the mica surface displaying the negative of the DNA footprint.
Another avenue being explored by DNA nanotechnologists is the production of biosensors. Lin et al. 69 developed DNA nanotiles labeled with biomolecular probes and fluorescent dyes to achieve multiplexed detection. In their design, changing the molecular probes on the DNA nanotiles gives the system the ability to detect a wide range of analytes. In another demonstration of this idea, Ke and coworkers 60 produced DNA origamis featuring biomolecular probes sensitive to RNA.
Hybridization of the target RNA to the probes resulted in an increased stiffness of the pair allowing for readout of the sensor through atomic force microscopy (Fig. 7a) .
The Lazarides group has studied the behavior of DNA-directed nanoparticle assemblies acting as molecularly-driven plasmonic switches. In early experiments, large (core) gold nanoparticles were attached to multiple smaller satellite particles through a DNA tether (Fig. 7b) . The tether length was designed to fluctuate in the presence of specific analytes which results in a change in the core-satellite distance and a measurable change in the multi-particle plasmonic signal 120, 121 . Although the plasmonic changes measured in these early experiments were modest, the experiment demonstrated the possibility for hybrid nanosystems to produce plasmonic signals for use in tracking nanosystem dynamics. These plasmonic changes were explored further by varying the core and satellite compositions between gold and silver, proving the feasibility of tunable plasmonic switches 122 .
Conclusion
The amazing growth of DNA nanotechnology began with Seeman's 2 hypothesis that DNA can do more than carry genetic information and his efforts to produce controllable periodic matter for use as a molecular organizer. Since that time, the tools available to those working in this field have grown to include a sizeable library of DNAbased nanostructures with programmable periodicities, chemistries, and geometries. Design principles are sufficiently well understood that DNA nanostructures with novel, arbitrary shapes can now move from concept to reality in a few short weeks.
Despite the significant progress in DNA-based nanofabrication, some difficult problems remain to be solved. First, assembly errors have been seen to increase as the number of building block types (i.e. size of the tile set) increases. The addition of spectator biomolecules or inorganic components can only serve to make this more of an issue. Strategies to prevent or proofread errors during and after assembly will need to be further developed. Secondly, even if multiplexed nanodevices based on DNA nanofabrication can be assembled with minimal error rates, specific challenges associated with each particular application will need to be addressed. For example, scientists envision the DNAdriven nanofabrication of artificial biomolecular assemblies to be used in vivo for drug delivery where they would carry and deliver cargo.
However, little is known about the ability of these proposed assemblies to permeate the cell membrane as well as their stability against intracellular degradation. Such biomolecular assemblies could also be used in vitro to organize 3D enzyme assemblies for cell-free catalysis.
However, scientists are only now beginning to gain understanding of 3D DNA assemblies. The addition of new components to these 3D assemblies will bring additional challenges. In another area of DNAbased nanofabrication, scientists are seeking to produce self-assembling nanoelectronic circuits that incorporate carbon nanotubes, metal nanoparticles, and semi-conductor quantum dots. Designs incorporating these individual components have been demonstrated, however, more practical and functional nanoelectronics remain in the conceptual domain. The large-scale production of practical molecular breadboards for nanoelectronics fabrication will be significantly more complex and will involve integration of multiple components, each with their own preferred chemistries. A feasible strategy here might be to combine the bottom-up self-assembly with top-down nanolithography to fabricate more complex system as well as incorporate additional functionality.
Only a few of the challenges facing DNA-nanotechnology have been discussed here. It should also be noted that the challenges in this field will require solutions that are accessible primarily through collaborative efforts among scientists and engineers trained in diverse disciplines.
Following this model, we believe the current pace of exciting discoveries and breakthroughs will continue to accelerate.
